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perature at various ages. However, one cannot simply state that an animal is either a regulator or a non-regulator since even the most effective homeotherm has its limits in both range and precision of regulation. Both the variability of the body temperature (TB) and the level of ambient temperature (TA) must be considered. In general, two categories of factors interact to produce body temperature. First, the activities of a regulatory mechanism, including sensing, integrating, and effector systems, will be reflected in the constancy of body temperature. And second, those physical and "chemical" factors concerned with the capacity to regulate will set the limits of effective regulation. Because the rates of development of these factors may be different, careful selection of the experimental TA is necessary. For example, if the capacity to produce heat or to limit its loss is very small, then at a low TA there is little evidence of a regulatory mechanism because of the insignificant temperature differential (AT = TB -TA). However, at a milder TA significant differentials may be maintained. Comparison of these differentials over a TA spectrum allows characterization of the regulatory mechanism.
The simple relations between TB and TA during development describe the sum of temperature regulatory activities and allow some useful conclusions to be drawn concerning the capacity to regulate and the characteristics of the regulatory mechanism. This paper is concerned with this over-all description and those deductions regarding regulatory func-52 tions which may be drawn from it. Subsequent papers will consider the measured characteristics of these various physical and physiological factors in the opossum. MATERIAL Method of aging.-The young were received at various ages ranging from 30 to 60 days, so the method of aging was of the greatest importance if a chronology was to be established. The head-body length of each animal was determined as early as possible and thereafter other values were taken whenever the animal was handled for experiments. From these values a curve of length versus age was constructed for each litter. The best fit of these curves to a standard curve of length versus true age (Reynolds, 1952; Hartman, 1928) was utilized to determine the birth date of each litter (Fig. 1) . The accuracy of this age estimate is related to the reliability of the reference data. The data of Reynolds and Hartman agree closely although derived from Californian and eastern material, respectively, and consist of large samples. (Reynolds studied 161 individuals from 25 litters.) The range of length at any given age is two-to threefold greater in the reference data than in this study. The difference in the size of the samples may account for this difference in range. Since our age estimates were each based on measurements of a whole litter (6-12) the uncertainty on any given date should be about one-third that shown in Table 1 for individual values or less than one day.
The form of the growth curve was exponential and similar to embryonic and early growth curves for other organisms (Brody, 1945) . If the logarithm of length (L) in millimeters is plotted against the age (A) in days, a linear curve is obtained below 90 days: A = 9.0 log L-12.1. The maximum rate of growth, about 4 mm/day, occurs between 80 and 90 days at the inflection point between the exponential and selflimiting phases.
Cold exposure and body temperature measurement.-Battery jars (8 X 12 X 8 inches) with lead ballast and fiberboard covers were immersed in constant temperature baths. The animals were held in wire cages just large enough to allow curling and adjustment of position, and mounted on wooden blocks one inch off the chamber floor. The TA was selected to apply a stress only moderately beyond the capacity to regulate in order to provide the maximum measurable effect, since stresses far exceeding the capacity to regulate may induce a maximal physiological response but result in small values for AT. The TA was successively lowered as the regulatory capacity increased.
The TB and TA were recorded at halfminute intervals to within 0.20 C. with iron-constantan thermocouples and a Leeds-Northrup recording potentiometer. Thermocouples ranged from 30 to 18 gauge depending on the size of the animal. The thermocouple was inserted rectally into the inner core of constant TB (beneath the inferior margin of the liver), a distance varying from 1 cm. in very small animals to 15 cm. in the largest. Little trouble was encountered with animals removing the thermocouple which was secured to the tail with adhesive. Any variable insertion of the thermocouple caused by activity was controlled by careful check of the depth of the in-sertion at the end of the experiment. A few cases with an irregular TB due to slipping of the thermocouple were discarded.
The initial TB was recorded immediately on removal of the subject from the pouch after which a continuous record was obtained and an equilibrium TB, defined as one not falling by more than 0.2o C. in 15 minutes (<lo/hr), was determined. In some very small animals in which the TB can fall to within 0.50 C. of the TA, the experiment was interrupted before this low point was reached. In others, a gradual drop of TB (ca. 1.00/hr) was observed after the major drop had occurred. In this case, the actual equilibrium TB was never achieved, and the values were recorded as being slightly higher than the true equilibrium value.
An equilibrium TB, usually achieved in about two hours, was obtained for animals ranging in age from 57 to 100 days and at TA Of 50, 100, 150, 210, 240, 270, and 300 ++ 1.50 C. In early stages of regulation, when the TB was close to the TA, the AT (TB -TA) was the important consideration. Accordingly, a TB measured at a TA slightly different from the class value (e.g., 260 vs. 270) was adjusted by this difference (i.e., -1o). In the later stages of regulation, differences of a degree or two had little effect on the large AT values, so the TB values close to the adult level were not adjusted.
Effort was made to randomize the selection of animals, in order to avoid the effects of variation in nutrition, and such factors as the mother's response to confinement which in certain instances caused her to kill or neglect her entire litter. To minimize the effects of adaptation or injury, as much time as possible, usually about 5 days, was allowed to elapse between successive experiments on any individual. The TB in several animals at 60 to 70 days of age fell to 3-50 C. and remained there for periods up to several hours, but these animals subsequently showed no ill effects.
RESULTS
These experiments were designed, first, to identify the presence of regulation as soon as it appeared; next, to evaluate the capacity to resist temperature stress; and finally, by presenting various degrees of stress, to indicate the adequate stimulus to regulation. The primary unit of data is the cooling curve. sentative cooling curves at various ages and illustrate the rapid fall of TB in younger animals. Initial body temperature varied less than 2o C. from the average adult value of 35.20 + 1.2g. As the developing animal becomes better able to regulate, the cooling curve approaches a horizontal line (Fig. 2) .
Several values may be taken from these curves: (1) The equilibrium TB at which heat production equals heat loss;
(2) the equilibrium AT; (3) the rate of change of body temperature (dTB/dt) at specified points along the cooling curve (0, 15, 30 min.); (4) the cooling constant at these times, which is the rate of change of body temperature per unit temperature differential (dTB/ATdt).
In Figure 4 equilibrium TB values are plotted against age at two representative values of TA. Differences in adaptive responses to the stress, such as shivering and curling, as well as maladaptive responses such as struggling and licking of extremities when exposed to cold con- The presence of shivering contributes a highly variable influence because of its intermittent nature during exposure to cold and of its presence in some litters and not in others of the same age. Excitement caused inefficiency in temperature regulation, so that animals struggling to free themselves always at-tained a TB well below the range of quiet animals. TA values below 160 caused more disturbance than those above and were reflected in a greater variability. Immediately previous exposures to heat were found to alter the subsequent response to cold. For example, two 80-day animals placed at 180, after being heated to a TB of 400, regulated at a TB of only 21.70 and 22g. Another, warmed to 37.40 had a similar Ts of 21.40, all about may be divided into three phases: (1) an initial gradual rise, (2) a rapid phase with an inflection seen more prominently at a lower TA, and (3) another slow phase representing a final gradual attainment of adult TB. That the regulation of TB is relative to the TA is clearly seen from these curves and in the continual lowering of the critical temperature for regulation which may be taken as the TA at which the TB can just be maintained 50 below the mean for this age and TA. All of these animals showed a licking response during exposure to heat. Residual moisture on the extremities may in part account for the differences in equilibrium body temperature, since animals with extremities inadvertently moistened from other causes show similar differences. Figure 5 shows average TB curves for all TA values studied. The earliest signs of regulation were seen with the mildest stress of 300 C. At a lower Ta regulation was less effective. The sigmoidal curves within two standard deviations of the adult mean, that is, above 32.50.
Reynolds (1952) measured cooling curves at a single TA Of 130 C., on three animals each at 69, 75, 81, 87, and 94 days of age and recorded equilibrium values (dT/dt < lo/hr) at the latter three ages. His mean values are shown as crosses in Figure 5 and lie in a fairly appropriate relation to our curves for 160 and 100. Figure 5 represent the most direct description of tempera-ture regulation, they are not the most convenient form for analysis. Although the TB will vary with the TA in the young animal, we might expect the AT to be more constant since it represents the actual degree of maintenance, combining in a single term the metabolic (heat production) and conductance (heat dissipation) factors: AT = M/C. These differentials are presented in Figure 6 as a function of age at various ambient temperatures.
DISCUSSION

While the curves in
duction. By taking the AT as directly proportional to the metabolic response, this response can be characterized at any given age and the variation in response to TA Of animals at various ages compared.
An example of this approach is shown in Figure 7 Two major factors-increasing insulation and maturation of the regulatory mechanism-must account for the greater ability to regulate in older animals. The data presented here represents the sum of these two factors and so their relative importance in animals of different age cannot be determined. Physical changes which result in increased insulation are not considered here. However, if one assumes that at a particular age, insulation remains nearly constant at various values of TA then the differences seen in AT are related to differences in regulatory processes, that is, heat pro-as the TA is lowered. This type of curve may occur below 60 days.
If there is increased insulation in older animals and constant metabolism at all TA values, then a series of horizontal lines representing regulation at each successive age would result. This effect is seen at 60-75 days. Although the AT values were much alike, the TB values represented by these curves vary by over 100 C. Because of this difference, a depression of metabolism due to the lower TR was expected, but not seen. There was no Qio effect, the heat flow being the same regardless of body temperature. Such a response requires some stimulation of metabolism at a lower TB even though metabolism is not yet adequate to maintain that TB.
This effect was even more strikingly shown in older animals (70-90 days) in which the AT actually increased with decreasing TA. But since there must be some limit to this metabolic stimulation, the curves will pass through a maximum with further decreases in TA as the reduced TB depresses the metabolism (Qio effect). Regulation is still not achieved at a mild TA even though the required differential is less than that maintained in a colder environment. For example, at 80 days and TA = 270 C., AT = 5.50 TB has fallen by 2.50 to 32.50. An 80 differential was required for maintenance but only 5.50 was produced. However, at TA = 210, the AT = 8.80 and at TA = then the changes just described must represent changes in heat production.
The forms of these curves indicate that a feeble but adaptive metabolic response exists perhaps as early as 60 days and that from this age on, the metabolic response increases very rapidly. This metabolic response plus an increasingly effective insulation leads to eventual regulation at the TA values studied.
In Figures 5, 6, and 7 there is some difficulty in comparing changes in regulation at different TA values since the shape of each curve differs from the next. In Figure 8 an attempt is made to present regulation at different TA values on a common basis to include some expression of the intensity of the thermoregulatory load. Here regulation is expressed as the fraction of the adult AT attained (TB-TA/350 C -TB). These curves are quite similar, although not identical, in shape (except for 270) and are displaced to the right as the TA is lowered. "Horizontally" one may consider at what age a certain percentage of regulation exists; or, "vertically," how the per cent of regulation varies with TA at any age. the AT at a critical TB Of 32.50 C., which is high enough so that we may consider function uninfluenced by falling TB, and low enough (-2 standard deviations) so that we can be sure that regulation has been exceeded. In other words, this represents the maximum response (zT) of the animal while still within the normal TB range and so may represent our most effective single criterion of (precision of) regulation. The rapid attainment of resistance between 80 and 90 days is clearly seen here. Actually, the relative effective- The preceding grid allows one to compare other animals with some facility. Such a reference is very desirable if one is to compare development in heterogeneous material, and may be essential since the reference data is often fragmentary and relates to different stages of growth or different test conditions. Another useful index which can be expressed in absolute units is shown in Figure 9 . Here the TA at which a given fraction of complete regulation is achieved is plotted against age. The slopes of these curves which are substantially linear vary somewhat (2.0"-3.0o/day) but give a mean value of 2.5o/day for the four "degrees" of regulation plotted. Figure 10 shows, as a function of age, tions). A similar curve, placed with more uncertainty, is that for the AT at which a TB of 350, the mean adult value, can be maintained. Also shown in Figure 10 is a curve of the maximum AT occurring at any TB. The displacement of this curve to the left shows differentials where regulation is not possible equal to those at an older age where regulation is possible. Since the TA is lower in the former situation, the quality of regulation must be improving as well as the regulatory capacity. When and if complete control of the thermoregulatory potential is ob-tained, these three curves should approach one another, but observations on 180-day animals still show a higher temperature differential at TB = 32.50 (AT = 350) than at 350 (AT = 300) .
Comment.-The regulatory processes may be divided into three categories: afferent or sensory activities, integrating activities, and effector activities. These will be subject to two types of influence which will govern their function; extrinsic influences, such as the stimulating effect of temperature upon a receptor or the arrival of impulses at an integrating center; and intrinsic influences, such as the effect of temperature upon the metabolism of any part, or the presence of intermediary metabolic factors in adequate amounts. At any stage in development these three activities must be considered both individually and in terms of their less obvious interactions.
Although several theories have been proposed, we do not know what constitutes the adequate stimulus for a temperature receptor. Experimentally it has been shown that the nerve fibers from temperature receptors respond to abrupt changes in temperature with a sharp rise in impulse frequency which is followed by a gradual fall to a new level when finally adapted. It is also known that the impulse frequency depends upon the temperature of the receptor and that various receptors have characteristic temperature functions in this regard depending upon whether they subserve sensations of heat or cold (Hensel, 1953) . Histologically the presence of bare nerve endings which are believed to carry impulses for both pain and temperature suggest that when pain sensation is present, temperature sensation may also be present (Weddell et al., 1955) . Nociceptive stimulation of very young opossums (30-40 days) results in withdrawal of the part. If, on this basis, one could assume the presence of temperature reception, then the low temperatures attained experimentally should certainly provide sufficient stimulation for a response. But the existence of temperature receptors does not insure adequate reception. The development of a more adequate response to the cold stress seen in the second phase of the curve in Figure 6 may in part be due to improved reception of the ambient temperature. An increase in the total number of impulses from temperature receptors, believed by many to be related to the magnitude of the regulatory response (Hensel, 1953) could be accomplished either by a change in individual receptor discharge or by a change in receptor distribution and density. The change in insulation over the skin as well as its thickness will also modify the receptor input. Teleologically, temperature reception may be of definite value even before metabolic alterations are possible if the animal is stimulated to move to a more favorable environment (behavioral regulation).
Even though adequate reception of temperature were present, the development of other components of the regulatory mechanism is still necessary before resistance to cold, which appears initially in the second phase of the curve in Figure  6 , is possible. Maturation of integrative function may account for this improvement in regulation.
The spinal cord of the cat exhibits increased electrical activity when cooled as a result of decreased synaptic resistance (Suda et al., 1957) . This activity passes through a maximum with the tissue becoming inexcitable around 200 C. A similar phenomenon may be behind the hyperreactivity to tactile stimuli, increased deep tendon reflexes (clonus), coarse tremor of the head, etc., which are seen at low body temperature in the opossum. Such activity may in part account for the TB values seen at low TA, but it seems more logical to relate the appearance of early regulation to the development of integrating centers which mediate more specifically the adaptive responses. In the very young opossum the threshold of these centers may be very high or their connection to peripheral receptors inadequate. With reduction in body temperature, receptor input increases and the threshold of the integrating center falls. As the capacity of the animal to produce heat and resist its loss increases with age, regulation becomes more adequate. At the same time, the sensitivity of the integrating center must increase, first, because central temperature is less likely to fall and, second, because relative receptor input may even become less as insulation increases. If the capacity to resist cold is exceeded and body temperature falls, then eventually the integrating center will come to a temperature below which its specific reflex activity ceases or it stops functioning altogether. Failure of the integrating center may account for the presence of maxima in the TB curves in Figure 7 . The shape of these curves and the presence of maxima predominantly in the 240-270 C. range is very similar to those obtained for reflex activity in the spinal cord of the cat.
There is not sufficient information available to permit quantitation of the above factors. It is difficult to define a temperature receptor because the response of any nervous element is modified by a temperature change. In the end, a receptor benefits the animal only to the extent that it mediates adaptive responses. A reduction in the threshold of the integrating center which may occur with lowered body temperature would constitute a kind of deep temperature reception and provide for crude regulation. It is immaterial from the standpoint of definition whether or not this occurs by means of specialized cells. Recent observations by Benzinger (1961) have shown the direct influence of blood temperature on regulation to heat in man. However, it by no means follows that regulation to cold must be controlled similarly. For example, in a number of small arctic species such as the red squirrel, the deep body temperature is no lower in the cold (to --200 C.) and sometimes is actually higher (unpublished observations). Here, temperature receptors in the skin which encounter the temperature change must be the effective sensing device. The importance of reductions in brain temperature in modifying regulation and its role in a more primitive type of regulation is unknown. Recently attention has been drawn to this subject by Fusco et al. (1959) who investigated temperature gradients in the dog brain. Adolph (1951) has discussed the possibility of two barriers against cold, one central and the other peripheral.
The third category, effector activities (for cold regulation), represents primarily the muscles. Given a stimulus, several factors will determine the amount of heat production per contraction. The output will vary with the size of the fiber (muscle mass) and its myofibrillar content as well as with the rate of metabolic processes at work to restore potential energy after heat is released. In this regard the temperature coefficient of the tissue becomes important during regulation at reduced body temperatures. Indeed, the presence or acquisition of a heat-producing system with a low-temperature coefficient may be thought of as a kind of temperature regulation. And observations on tissue slices have shown just such a transition in heart, diaphragm, and skeletal muscle in the opossum. Between 50 and 85-105 days of age the Qio changes from 2.1 to 1.2 (Meyer and Morrison, unpublished observations).
Comparative aspects.-Since the opossum represents a primitive group of mammals it should be instructive to compare it to other forms. The marsupials, as a group, have somewhat lower mean body temperatures than many higher animals, but their ability to regulate against cold stress is well developed (Morrison, 1946) . The opossum in particular survives winter conditions as far north as Vermont (Hamilton, 1958) . Unfortunately, information on the development of temperature regulation in mammals is too limited for effective comparison. Development progresses more slowly in larger animals so the opossum should be compared to animals of comparable size. Similarly, a given temperature will represent a quite different cold stress in a large animal than a small one.
Of the species listed in Table 2 , which summarizes development (of good resistance at 00-100 C.) in various animals, the cat (at 70 days), dog (at 70 days), rabbit (at 40 days), guinea pig (at 100 days), and porcupine at 115 days) are roughly equal in size, but only the latter two have "developmental times" comparable to the opossum (105 days). About the best that can be said is that these three rather unaggressive species are comparable in their limited abilities for "fight or flight" in contrast to the more effective dog, cat, and rabbit. The porcupine is of particular interest as a precocial form which regulates effectively at birth and thus develops temperature regulation entirely in the uterus. The opossum spends only one-eighth of its developmental period before birth, and yet the over-all developmental times needed to achieve regulation are almost the same.
Regulation in several of the smaller rodents is achieved within 40 days of total developmental time, but all activi-ties are speeded up in these small animals which may have average life spans of only a year. Indeed it has been suggested, originally by Rubner, that the product of (specific) metabolic rate and life span in mammalian species of different size may be constant (Brody, 1945) . This proposition will be difficult to prove because of the unreliability of information on life spans, but values from data recently compiled (Spector, 1956) are reasonably the stage of temperature regulation) appears to require a larger fraction of the life span in this animal. This may represent a characteristic of, and a liability for, this primitive group of mammals (see Fig. 11 ). SUMMARY 1. The development of temperature regulation in the opossum, Didelphis marsupialis virginiana, has been de- .................  ........ . Table 2 (col. 5) bring the mice into reasonable agreement with the larger rodents. And they give the opossum the highest value; that is, development (to scribed in terms of the equilibrium body temperature (deep rectal) as a function of age at ambient temperatures from 50 to 300 C. The earliest signs of regulation are seen at 300 ambient and 60 days of age. Lower ambient temperatures are associated with later regulation, until at 90 days of age an ambient temperature of 50 is withstood.
2. The immature animal may demonstrate adequate regulatory capacity which is not utilized, since greater regulation-expressed as the maintained temperature differential-may be elicited at lower body temperatures. The relative constancy of the temperature differential (body-ambient) at any ambient temperature that is seen initially at 60 days, and its gradual increase at lower ambient values in older animals indicates the presence of a regulatory mechanism which is becoming increasingly responsive.
3. A series of derived relations are pre-sented to provide suitable indexes for the rate of development which may be summarized as proceeding at a rate of 2.50/ day (temperature at which a given degree of regulation is achieved) or 20 per cent/day (maximum temperature differential possible without a reduction in body temperature) during the maturation period (65-90 days), and at 5 per cent/day thereafter. 
